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Microwave approaches to breast imaging include the measurement of signals transmitted through and reﬂected from the
breast. Prototype systems typically feature sensors separated from the breast, resulting in measurements that include the eﬀects
of the environment and system. To gain insight into transmission of microwave signals through the breast, a system that
places sensors in direct contact with the breast is proposed. The system also includes a lossy immersion medium that enables
measurement of the signal passing through the breast while signiﬁcantly attenuating signals traveling along other paths. Collecting
measurements at diﬀerent separations between sensors also provides the opportunity to estimate the average electrical properties
of the breast tissues. After validation through simulations and measurements, a study of 10 volunteers was performed. Results
indicate symmetry between the right and left breast and demonstrate diﬀerences in attenuation, maximum frequency for reliable
measurement, and average properties that likely relate to variations in breast composition.
1.Introduction
Microwave approaches have been proposed as complemen-
tary methods for breast imaging, providing images related
to the electromagnetic properties of tissues in the breast.
Signiﬁcant variations in the properties of healthy tissues
are expected, leading to challenges in both measurement
of microwave signals and creation of meaningful images.
A recent study analyzed measurements of 354 samples
of healthy breast tissues that had been surgically excised
[1]. Results indicated that permittivity and conductivity
increased with decreasing proportion of adipose tissues in
the samples. Speciﬁcally, fatty tissues are expected to exhibit
low permittivity and conductivity at microwave frequencies,
while the properties of glandular tissues are expected to be
several times greater. A second study analyzed properties of
malignant tissues, suggesting signiﬁcant diﬀerences in the
properties of these tissues when compared to fatty tissues
and a much less dramatic diﬀerence (on the order of 10%)
when comparing malignant and glandular tissue properties
[2]. The composition of the breast also varies from patient
to patient. For example, women may have primarily fatty
tissues in the breast or dense breasts that consist primarily
of glandular tissues. The combination of breast composition
and electromagnetic properties of breast tissues suggests that
microwave imaging involves detecting small changes in a
complex environment. Further more, challenges related to
microwave imaging and measurement are also anticipated to
vary with breast composition, as lower attenuation of signals
and high contrast between healthy and malignant tissues are
expected for fatty breasts.
In order to gain insight into the challenges related
to measurement and imaging, simulation models based
on breast MR scans of patients have been developed [3].
T h e s em o d e l sp r o v i d er e a l i s t i cb r e a s ts h a p e sa n ds p a t i a l
distributions of tissues. In attempt to accurately represent
tissues properties, dielectric properties models that are based
on the measurement study are incorporated [4]. To enhance
the match between simulated and measured data, models
of the antennas and aspects of the system (e.g., immersion
liquid) are also included. Simulations of the breast models
and sensors performed with numerical techniques such as2 International Journal of Biomedical Imaging
the ﬁnite diﬀerence time domain (FDTD) method provide
insight into reﬂected and transmitted signals expected in
measurement. For example, a recent study compared mea-
surements of volunteers and simulations of patient-speciﬁc
models, showing good agreement between the dominant
reﬂections [5]. However, diﬀerences between simulations
andmeasurementsoflater-timereﬂectionswereevident,and
transmitted signals were not measured. Transmitted signals
are of particular interest in light of another recent study of
the properties of breast tissues, which suggests diﬀerences
between in vivo and ex vivo measurements [6]. If diﬀerences
between reported measurements and actual tissue properties
exist, then simulation models may not accurately predict
signals transmitted through the breast. This information is
a valuable tool for specifying requirements for measurement
systems, such as dynamic range and frequency band.
Several prototype systems have been designed for micro-
wave breast imaging and include collection of transmitted
signals. For example, one system for microwave tomography
has an array of antennas positioned at distance from the
breast and placed in a lossy immersion liquid [7]. This
system is designed to operate from 500MHz to 3GHz. A
second example, a multistatic radar system, has antennas
arranged on a hemisphere [8]. A dielectric insert and layer
of immersion liquid are used to separate the antennas from
thebreast.Thebandwidthforthissystemisintherangefrom
4 to 10GHz [9]. Although both systems collect transmitted
data, the signals are expected to be inﬂuenced by the external
environment rather than predominantly eﬀected by the
breast. Diﬀerent immersion liquids are also expected to have
diﬀerenteﬀectsonthetransmittedsignalsthatarerelatedthe
electromagnetic properties of the liquids. In addition, both
systems have been designed for a speciﬁc frequency band of
operation and do not permit the assessment of transmission
overaverywidefrequencybandincluding lowerfrequencies.
Therefore, there is a need to assess the upper frequency
limit at which signals transmitted through the breast may
be reliably measured and also to gain insight into intra-
and inter-patient diﬀerences in this maximum frequency. In
this paper, we report a system designed to measure signals
transmitted through the breast at frequencies in the range
of 1–10GHz. The sensors are in direct contact with the
breast and a lossy immersion liquid is employed to attenuate
alternative paths that the signals may travel. Measurement of
transmitted signals with known separations between sensors
and without signiﬁcant path in the coupling medium also
provides the opportunity to assess the average properties of
breast tissues. Reﬂection-based measurements contain too
muchambiguitytomakeanassessmentofaverageproperties
practical (using a limited number of sensor locations). We
further note that this system is not designed explicitly for
imaging, although estimation of average properties of breast
tissues would be helpful for microwave imaging algorithms.
After validation of the system, a study of 10 volunteers
is performed in order to gain insight into the changes in
attenuationandmaximumfrequencyofoperationthatoccur
for diﬀerent patients and within the same patient. We report
a simple technique to estimate the average permittivity and
conductivity of the tissues from transmission measurements
Figure 1: Cassiopeia antenna.
and apply this technique to the measurements collected from
patients.
2. Methods
In this section, the system to measure microwave signal
transmission through the human breast and approach to
average property estimation are described. The electrical
conductivity of breast tissues is expected to vary signiﬁcantly
between patients, which translates to variations in signal
attenuation. Cases, in which very high attenuation occurs,
(e.g., predominantly glandular tissues) are expected to
lead to measurement challenges due to extremely weak
transmitted signals. These challenges have to be addressed
by careful design of two aspects of the measurement system.
First, the overall dynamic range needs to be as high as
possible. Secondly, there are multiple paths that the signals
may take; the signals that travel through the breast are
of interest, while the signals that travel around the breast
are not. Therefore, the system must facilitate detection of
signals traveling through the breast only. The sensor design
and system conﬁguration implemented to achieve these
goals are described in Section 2.1. The system also provides
an opportunity to gain additional information through
estimating average properties of the breast tissues. A simple
approach to roughly estimating the average properties is
discussed in Section 2.2.
2.1. Sensor and System. The Cassiopeia antenna (Figure 1)
[10] is the sensor used to both transmit and receive signals.
This antenna is designed to come into contact with the
breast skin and to operate in a lossy immersion liquid. The
antenna is essentially a balanced antipodal Vivaldi antenna
(BAVA) with a director included in the aperture, similar
to the antenna reported in [11]. The key diﬀerences are a
modiﬁed feed structure and the use of higher permittivity
materials to conﬁne ﬁelds to the antenna such that the sensor
is relatively insensitive to the immersion liquid. The details
of the antenna and feed design, along with initial simulation
and measurement results with the Cassiopeia placed in air
and glycerin, are found in [10]. For this study, the antenna is
placed in a 2% saline solution in order to attenuate signals
that travel along paths outside of the breast. As shown inInternational Journal of Biomedical Imaging 3
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Figure 2: Relative permittivity and conductivity of the 3 breast
tissue groups, as well as 1% and 2% saline solutions.
Figure 2, the 2% saline exhibits conductivity well above the
expected conductivity of breast tissues, which signiﬁcantly
attenuates signals traveling along these unwanted paths.
To collect transmission measurements, two sensors are
placed on opposite sides of the tank (or breast) (Figure 3).
The sensors are placed 37mm below the top of the tank in
order to completely immerse the sensors in the saline. The
two sensors are aligned, and each sensor is mounted on a
sliding arm, as shown in Figures 3 and 4. The separation
distance can be manually adjusted between 140mm and
10mm using a knurled wheel; digital callipers are attached
to both sides so that precise separation distances can
be recorded. This conﬁguration permits the antennas to
be positioned such that contact is made with the breast
skin. Modifying the separation distance may easily be
accomplished with high accuracy; several measurements at
diﬀerent separation distances are typically collected. The
antennas are connected to a vector network analyzer (PNA
N5242A, Agilent Technologies, Palo Alto, CA, USA). To
maximize sensitivity, measurements are performed with an
intermediate frequency (IF) bandwidth of 10Hz and a port
power level of 10dBm. These settings produce a comfortable
120dB dynamic range at the antenna ports without need for
additionalaveraging.Atotalof401pointsarerecordedovera
1-to-10GHz bandwidth. The total sweep time is 36 seconds.
The performance of the sensor in saline and the ability
of the sensors to measure transmitted signals are assessed.
First, measured and simulated reﬂection coeﬃcients over a
broad-frequency band are inspected. Simulations are also
performed to evaluate the integrity of the radiated ﬁeld
distribution in breast tissues. The breast model examined
consists of a 2mm thick skin layer ﬁlled with homogeneous
breasttissuerepresentingfat(tissuegroup3whichrepresents
median properties of samples containing 0–30% fat in [4]).
The dimensions of the breast model are detailed in [11].
Figure 3: View of the measurement tank with the two sensors
(Cassiopeia antenna) attached to movable arms.
Figure 4: View of the sensors set at diﬀerent separation distances.
An FDTD simulation tool (SEMCAD X, SPEAG, Zurich)
is used to perform the simulations with parameters similar
to those reported in [10]. Dispersive model parameters
publishedin[4,12,13]areusedtomodelthe2%saline,skin,
and tissue group 3, respectively. Validation of the radiated
ﬁelds through measurements is challenging, so transmitted
signals aremeasured through breastmodels representing low
and high loss scenarios. The hemispherical, low-loss breast
modelisdescribedin[14]andshowninFigure 5.Thismodel
has a diameter of 100mm and is made of a solid dielectric
material with relative permittivity of 15 and loss tangent
supposedly less than 0.002 (Eccostock HiK, Emerson, and
Cuming Microwave Products, Randolph, MA, USA). The
high-loss breast model has the same dimensions, however,
consists of a thin rubber membrane ﬁlled with a 1% saline
solution. The conductivity of 1% saline is greater than the
conductivities reported for the three breast tissue groups in
[4] but below the 2% saline, thus very weak transmission is
expected.
Figure 6 shows the user interface used for work with
human participants. It consists of a bed on which the vol-
unteers lie in a prone position. The bed includes an opening
where the breast extends into the measurement tank placed
underneath. The PNA is located under the bed directly
behind the measurement tank. Several measurements are4 International Journal of Biomedical Imaging
Figure 5: View of the low-loss breast model in the measurement
tank. Picture was taken without the 2% saline for better clarity.
Figure 6: Measurement system integrated in the user interface.
collected from each volunteer (more details on the volunteer
study are provided in Section 4). The antennas are placed
in contact with the breast, and an initial measurement is
collected. The antenna separation is modiﬁed, and a new set
of measurements is obtained. This process is repeated several
times, resulting in a set of transmission coeﬃcients collected
with diﬀerent separation distances between the antennas.
Note that the full scattering coeﬃcient matrix (S11, S21, S12,
and S22) is recorded for each measurement.
2.2. Property Estimation. A simple method to estimate
the average electrical properties of the breast tissues is
introduced. The method takes advantage of the diﬀerences
between transmission coeﬃcients recorded at two diﬀerent
separations between the antennas, however, involves several
assumptions.First,itisassumedthatthecontactbetweenthe
skin and the sensor remains unchanged after repositioning
one of the sensors. Secondly, the change in response due to
cable movement is considered negligible. These assumptions
are believed to be reasonable based on the stability of
the reﬂection coeﬃcients (S11 and S22) observed between
measurements. Third, it is assumed that the inner structure
of the breast is the same for two measurements collected
at diﬀerent separations (i.e., the two paths have the same
average properties). Therefore, the diﬀerence between the
transmitted signals is assumed to be solely related to the
change in transmission length induced by reducing the
separation between the sensors. To relate the change in
transmissioncoeﬃcienttotheaverageelectricalpropertiesof
the breast tissues, we further assume a uniform plane wave
model to describe the propagation from the transmitting
to receiving antenna. This implicitly ignores any eﬀects of
multipathinthebreasttissues.Theelectricﬁeldinthetissues
is approximated as:
E+(z) = E0 ·e
−α·z · e
−j·β·z,( 1 )
where α is the attenuation constant, and β is the phase
constant.Theseconstantsarethenapproximatedusingapair
of transmission measurements along with a correction for
radial spreading of the signal:
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where Di is the separation distance at which the mea-
surements has been taken, |S21(f)|i is the magnitude of
the transmission coeﬃcient and, θ(f)i is the phase of the
transmission coeﬃcient. Subscripts 1 and 2 refer to the two
measurements used for the calculations. Note that D1 must
be greater than D2.
After the attenuation and phase constant are retrieved,
the corresponding permittivity and conductivity are calcu-
lated using (3):
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where ε0 and μ0 are the permittivity and permeability of
vacuum.
3. Validation
The measurement system is validated by ﬁrst examining
the behaviour of a single sensor, then through collecting
transmission data. More speciﬁcally, the ability to adequately
measure transmitted signals over the entire frequency band
of interest and the feasibility of the property estimation
method are explored.
3.1. Sensor and System Performance. Figure 7 presents the
reﬂection coeﬃcient (S11) for each of the sensors measured
in the 2% saline solution. For the sake of completeness, the
simulated result is also shown. The value of S11 is below
−10dB over the frequency range of interest, indicating that
most of the power is radiated or absorbed by the antenna
but not reﬂected back to the source. Discrepancies between
the responses of the two sensors as well as the simulations
and measurements are observed. These discrepancies can be
mostly attributed to the sensitive construction process of theInternational Journal of Biomedical Imaging 5
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Figure 7: Reﬂection coeﬃcient measured for both sensors when
immersed in 2% saline. Simulated counterpart is in dashed line.
Cassiopeia. As described in [10], this sensor is composed
of several metallic and plastic pieces which have to be
machined and assembled. In addition, a cement material is
poured into the sensor aperture which needs to ﬁll tight
spaces. Between machining variation of plastic material
and the diﬃculty in controlling the cement ﬁlling process,
construction discrepancy between sensors is to be expected.
We also note that the discrepancy between simulated and
measured response increases for the second half of the
frequencyband,andthisisduetoinexactmaterialproperties
used in simulation. Speciﬁcally, the sensor utilizes Eccostock
HiK materials for which models of the dielectric properties
over the entire frequency band of interest are not available.
Figure 7 suggests that, as per the results presented in
[10], the Cassiopeia can reasonably operate in conductive
media. However in a high-permittivity liquid, such as the
2% saline, the antenna starts to behave as a leaky wave
structure,especiallyatlowerfrequencies(below3GHz).This
is illustrated in Figure 8, which presents the simulated radia-
tion behaviour when the antenna contacts the breast model,
as in [9], consisting of a skin layer ﬁlled with a material
representinglow-losstissues.At2GHz,thestructureradiates
in the vertical direction and the intensity of radiation in the
breast tissues is quite low, considering that the breast tissues
are considerably less lossy than the immersion medium. This
behaviour is the result of the antenna becoming a leaky wave
structure in high-permittivity media. At higher frequencies
(4, 6, 8GHz), the leaky wave eﬀect is signiﬁcantly reduced
as the ﬁeld is more conﬁned in the antenna structure. Based
on this simulated result, signiﬁcantly lower transmission
measurements are expected in the lower-frequency band.
Figure 9 presents the measured and simulated transmis-
sion coeﬃcient obtained with the low-loss breast model. At
the lower frequencies, a very low transmission magnitude is
noted, as expected from Figure 8. However, the transmission
level appears to stabilize at 4GHz and above. We note
that, at the higher frequencies, the simulated data predict
a stronger transmission than observed in practice. Again,
diﬀerences in the Eccostock HiK material properties between
measurements and simulations are the main source of this
disagreement, especially the conductivity which, in practice,
signiﬁcantlyincreaseswithfrequency.Nevertheless,themain
observation is that the measurement system demonstrates
the ability to measure transmitted signals over the frequency
band of interest.
The transmission coeﬃcients measured through the
high-loss breast model are presented in Figure 10 and dem-
onstrate the ability of our measurement system to measure
very weak transmitted signals. More precisely, one may
observe that the transmission coeﬃcient measured, while
the breast model presented is easily distinguished from the
measurement taken at the same sensor separation without
the breast present until both signals reach the noise ﬂoor.
In other words, this result suggests that these weak recorded
signals actually propagate into the breast model and not in
the immersion medium or the tank structure.
3.2. Property Estimation. I no r d e rt ov a l i d a t et h ep r o p e r t y
estimation technique, measurements with the tank contain-
ing only a 1% saline immersion medium are used. This
lower-loss medium was chosen instead of the 2% saline in
o r d e rt om e a s u r es i g n a l so v e raw i d e r - f r e q u e n c yb a n d w i d t h .
The transmission measurements for several distances are
shown in Figure 11(a), while the calculated permittivity and
conductivity, using the two shortest separation distances
along with (2)a n d( 3), are shown in Figures 11(b) and 11(c).
One can observe that the estimation is not very accurate
below 3GHz. At these frequencies, the poor radiation
behaviour of the antenna, translated in a very low coupling
eﬃciency, contributes to the error in results. However, above
3GHz, the calculated values are very close to the theoretical
ones, conﬁrming that the assumptions made to simplify
estimationofaveragepropertiesarevalidforthissimplecase.
In summary, the results presented in this section demon-
strate that the Cassiopeia antenna, immersed in 2% saline,
exhibits low S11 over a very wide band, and that radiated
ﬁeld behaviour improves with frequency (related to leaky
wave behaviour at lower frequencies). The work with two
sensors demonstrates that the system is capable of detecting
signals transmitted through objects with low and high loss
characteristics over the entire frequency range of interest.
The approach to estimating average properties is veriﬁed
for a simple scenario, showing that reasonable estimates are
obtained from 3 to 10GHz.
4. VolunteerStudy
Togaininsight intothe maximumfrequencyatwhichsignals
transmittedthroughthebreastmaybedetected,astudyof10
volunteers has been performed. The description of the study
is followed by presentation of the measured data. Finally, the
average property estimation is applied to the measured data,
providing mixed results.
4.1. Recruitment and Protocol. This study has been approved
by the Conjoint Health Research Ethics Board (CHREB) of
the University of Calgary, (ID 23244). The volunteers were6 International Journal of Biomedical Imaging
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Figure 8: Electric ﬁeld radiated by the antenna in realistic breast tissues while immersed in 2% saline. All ﬁeld intensities are normalised to
identical input power. The side-on view is shown (i.e., the cross-section through the cylindrical breast model is along its long axis).
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Figure 9: Measured and simulated transmission through the low-
loss breast model (100mm diameter).
recruited through billboard posters and by word of mouth.
To ensure good contact with the sensors, the breasts must
extend far enough into the measurement tank. Therefore,
one of the criteria for participation in the study was a
minimum “C” cup size. The age of the volunteers was
recorded; however, no additional information on breast
tissue composition was available (e.g., X-ray mammograms
or other breast imaging results). The volunteers are referred
to by their ages.
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Figure 10: Transmission measurement through a rubber mem-
brane containing a 1% saline solution (“high-loss breast model”)
and with 2% saline ﬁlling the region between the two sensors
positioned with the same separation distance (100mm).
Measurements took place in a research laboratory with
a registered nurse helping the volunteers to be positioned
on the machine. A research engineer controlled the data
acquisition (from behind a privacy screen), while the nurse
adjusted the separation distance between the sensors. The
left and right breasts were examined and a total of four
measurements were taken for each breast. First, the sensors
were positioned to contact the breast skin and an initialInternational Journal of Biomedical Imaging 7
123456789 1 0
−140
−120
−100
−80
−60
−40
−20
Frequency (GHz)
S
2
1
(
d
B
)
20 mm
140 mm
130 mm
120 mm
110 mm
100 mm
90 mm
80 mm
70 mm
60 mm
40 mm
30 mm
50 mm
(a)
123456789 1 0
0
5
10
15
20
Frequency (GHz)
C
o
n
d
u
c
t
i
v
i
t
y
 
(
S
/
m
)
Measured
Theoretical
(b)
123456789 1 0
0
10
20
30
40
50
60
70
80
90
100
Frequency (GHz)
R
e
l
a
t
i
v
e
 
p
e
r
m
i
t
t
i
v
i
t
y
 
(
1
)
Calculated
Theoretical
(c)
Figure 11: Measurement (a) taken with diﬀerent separation distances of the sensors and the tank containing only a 1% immersion liquid.
Conductivity (b) and relative permittivity (c) calculated using (2) and (3) and compared with theoretical values based on [12].
measurement was recorded. Then, one of the sensors was
moved 5mm toward the breast and a second measurement
was recorded. The third measurement was recorded after
moving the second sensor 5mm closer to the breast. Finally,
the ﬁrst sensor was brought another 5mm closer before
the fourth measurement was recorded. Therefore, a total
of 4 measurements (each at a diﬀerent separation distance)
was taken for each breast. This procedure was successfully
realized for all of our volunteers without any discomfort
reported.
4.2. Measured Results. Volunteers between 21 to 65 years of
age participated in our study. As expected, we have observed
considerable variation in signal attenuation due to variation
in breast tissues between individuals. For example, in the
case of a 35-year-old individual (Figure 12), signals were
recorded for the entire frequency band of interest. While
for a 55-year-old volunteer (Figure 13), the transmission
is weaker, and no signiﬁcant signals are recorded after
4GHz. We note that results for each patient typically exhibit
similar characteristics, namely, increased transmission with
d e c r e a s e ds e p a r a t i o nb e t w e e ns e n s o r sa sw e l la sd e c r e a s e d
transmission with frequency.
In order to compare the attenuation level between each
case, the last frequency point for which the transmitted
signal achieves a 20dB signal-to-noise ratio (SNR) is used
as metric. For this speciﬁc measurement system, the 20dB
SNR translates to a transmission coeﬃcient level of −100dB.
This point is referred to the “maximum frequency”, and
the observed values are plotted in Figure 14(a). The max-
imum frequency is determined for the shortest separation
distance between sensors that permits this measurement
to be collected. The corresponding separation distances
are also given in Figure 14(b). Figure 14(c) investigates
the relation between separation and maximum frequency,
showing no correlation. This conﬁrms that the variations in
maximumfrequencyarerelatedtodiﬀerencesinbreasttissue
composition among our volunteers.8 International Journal of Biomedical Imaging
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Figure 12: Transmission magnitude for the 35-year-old volunteer,
left breast with diﬀerent separation distances between the sensors.
Thedashedcurvescorrespondtothetransmissionmeasuredforthe
same distances but without the breast present.
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Figure 13: Transmission magnitude for the 55-year-old volunteer,
left breast with diﬀerent separation distances between the sensors.
Thedashedcurvescorrespondtothetransmissionmeasuredforthe
same distances but without the breast present.
Figure 14(a) shows that, while the maximum frequency
for the patients varies between 3.5 to 10GHz (measurement
limit), a certain symmetry between the left and right breasts
for individual patients is observed. Only the 21-and 55-
year-old volunteers show larger diﬀerences between breasts.
However, in the case of the 55-year-old individual, the
separation distances (Figure 14(b))a r eq u i t ed i ﬀerent. When
maximum frequencies for similar distances are compared,
better symmetry is observed. This suggests that the variation
seen in the maximum frequency for the 55-years-old vol-
unteer is due to diﬀerence in separation distances. It is also
observed that the separation distances for our 62-year-old
volunteeraresigniﬁcantlydiﬀerentbetweentheleftandright
breast; however, good symmetry in the maximum frequency
is still noted. This volunteer had previous surgery on her
left breast, so perhaps changes in tissue properties (e.g., scar
tissue) result in similar maximum frequencies at diﬀerent
separation distances.
While not suﬃcient for generating statistics, the mea-
surements do suggest the possibilities of using signals up
to 10GHz to image breast tissues, depending on breast
composition. At the same time, the measured transmission
levelsarespeciﬁctooursystem.Sensorswithhighergainand
measurement equipment with better dynamic range would
increase the overall sensitivity. On the other hand, it was
practicallyobserved that a slight decrease of the transmission
path length can signiﬁcantly increase the signal intensity,
which makes moderate breast compression an appealing
option. For example, in Figure 13,m o r et h a n1 0 d Bi n
transmission is gained with a 10mm decrease of separation
between sensors.
4.3. Property Estimates. For each patient, the property
estimation technique is applied to the 6 combinations of
data available from the 4 measured transmission coeﬃcients;
the results are averaged to produce a single estimate.
This averaging is performed to limit the eﬀect of possible
outliers in the measured data. The accuracy of the result is
diﬃcult to assess since the ground truth remains unknown.
However, based on the observed attenuation, preliminary
estimates of tissue properties and/or breast composition can
be hypothesised.
For example, volunteers 35, 36, 43(a), and 65 years of age
have maximum frequency for transmission reaching 10GHz
with a signiﬁcant separation distance between sensors.
This suggests that these patients have predominantly fatty
breast tissues (tissue group 3). The estimated properties for
these volunteers’ breasts are shown in Figure 15, converging
toward the group 3 model as hypothesized.
For breasts that likely have more signiﬁcant glandu-
lar tissue composition (i.e., lower maximum frequencies),
the average property estimation is unfortunately not as
successful. For example, the permittivity estimates show
signiﬁcant variations with frequency, and the permittivity
curve usually does not follow the expected Cole-Cole model
shape. The conductivity usually behaves close to expected;
however,someresultsshowunexpectedlyhighconductivities
or conductivity that decreases with frequency. To illustrate
these observations, estimated properties for our 30-year-
old volunteer are shown in Figure 16.S e v e r a lf a c t o r sm a y
be the source of these behaviors. First, heterogeneous
breasts are very likely to generate multipath, as signals
may travel through fatty tissue or glandular tissue, hence
arriving at diﬀerent times at the sensor. This multipath
makes our simple propagation model inadequate. Secondly,
our estimation technique assumes that the breast tissues
deform homogeneously. This means that the changes in the
transmission coeﬃcient are related to the entire breast and
notlocalvolumes.Itisknownthattheelasticmodulusvalues
are not consistent across diﬀerent tissue types [15], which
means that diﬀerent tissues deform diﬀerently. As a result,
the change in transmission can arise from local deformation,
instead of the assumed homogeneous deformation. There-
fore,alternative techniques to estimate average properties are
required for breasts that are not predominantly fatty.International Journal of Biomedical Imaging 9
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Figure 14: Measurement results: (a) maximum frequency and (b) separation distances in function of volunteer ages. (c) separation distance
as a function of maximum frequency for each volunteer breast.
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Figure 15: Estimation of breast tissue electrical properties (conductivity in (a) and permittivity in (b)) for the 35-, 36-, 43(a)- and 65-year-
old volunteers. Groups 1, 2, and 3 refer to the glandular, transition, and fatty categories of tissues deﬁned in [1].
5. Conclusion
The prototype system reported in this paper is designed
speciﬁcally to measure transmitted signals through the
breast. Antennas designed to contact the breast during
microwavemeasurementareadaptedtomeasuretransmitted
signals. Two antennas are placed on opposite sides of the
breast, while immersed in saline. Through operation in a
lossy medium, signals traveling along alternate paths are
attenuated, such that the signal traveling directly through
the breast is expected to have a predominant eﬀect on
the measurement. As the system is aimed at determining
appropriate frequencies of operation, it operates over a wide10 International Journal of Biomedical Imaging
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Figure 16:Estimationofbreasttissueselectricalproperties(conductivityin(a)andpermittivityin(b))forthe30-year-oldvolunteer.Groups
1, 2, and 3 refer to the tissue categories deﬁned in [1].
band(1–10GHz).Therefore,thebandwidthandapproachto
measurement diﬀer from previously reported prototype sys-
tems aimed at microwave imaging (e.g., [7, 8]). In particular,
the system is designed to enable transmission measurements
through the entire breast over a frequency range from 1
to 10GHz. We note that microwave tomography systems
also involve measurement of signals transmitted through
the breast (as well as a lossy immersion liquid); however, a
maximum measurement frequency of 3GHz has been used
in work with patients. Therefore, the system reported in
this paper permits exploration of transmitted signals over a
higher-frequency band.
The system is deployed in a study of 10 volunteers with
unknown breast composition. For each volunteer, four mea-
surements are collected per breast, with separation between
sensors adjusted for each measurement. The maximum fre-
quency at which transmitted signals are reliably measured is
noted, and signiﬁcant variation in this frequency is observed
for the 10 volunteers. There is, however, similarity between
the maximum frequencies observed for the right and left
breasts. In addition, the results of our measurements suggest
that the use of frequencies up to 10GHz is realistic. However,
for denser breasts, this upper limit is likely considerably
reduced. In such cases, the image reconstruction scheme
(whether tomographic or radar-based) could be adapted to
use only the relevant frequency band. As a result, the image
resolution would likely be patient-dependant in the same
way as image contrast depends on breast density with X-
ray mammography. It was also practically observed that the
use of moderate compression and sensors that contact the
breast signiﬁcantly improves SNR. Therefore, results of this
study suggest that the data collected with this system provide
unique insights into microwave measurements of the breast.
Finally, an approach to estimating the average properties
of breast tissues has been introduced, and reasonable results
are obtained for volunteers with suspected primarily fatty
breasts. This method is based on several assumptions that
do not appear to hold for volunteers that are suspected to
have greater glandular tissue content. Therefore, future work
includes developing average property estimation techniques
that are eﬀective for a wider range of breast compositions.
In addition, a new waveguide like UWB sensor is being
developed to avoid leakage into the surrounding saline
medium and which improves the coupling eﬃciency with
the breast tissues, especially at lower frequencies. For further
investigation, a second study is planned that also includes
clinical breast imaging in order to give insight into the breast
composition and aid in interpreting results.
References
[1] M. Lazebnik, L. McCartney, D. Popovic et al., “A large-scale
study of the ultrawideband microwave dielectric properties
of normal breast tissue obtained from reduction surgeries,”
PhysicsinMedicineandBiology,vol.52,no.10,pp.2637–2656,
2007.
[2] M. Lazebnik, D. Popovic, L. McCartney et al., “A large-scale
study of the ultrawideband microwave dielectric properties of
normal, benign and malignant breast tissues obtained from
cancer surgeries,” Physics in Medicine and Biology, vol. 52, no.
20, pp. 6093–6115, 2007.
[ 3 ]E .Z a s t r o w ,S .K .D a v i s ,M .L a z e b n i k ,F .K e l c z ,B .D .V .V e e n ,
and S. C. Hagness, “Development of anatomically realistic
numerical breast phantoms with accurate dielectric properties
for modeling microwave interactions with the human breast,”
IEEE Transactions on Biomedical Engineering, vol. 55, no. 12,
pp. 2792–2800, 2008.
[ 4 ] M .L a z e b n i k ,M .O k o n i e w s k i ,J .H .B o o s k e ,a n dS .C .H a g n e s s ,
“Highly accurate debye models for normal and malignant
breast tissue dielectric properties at microwave frequencies,”
IEEE Microwave and Wireless Components Letters, vol. 17, no.
12, pp. 822–824, 2007.
[5] J. Sill, J. Bourqui, T. Williams, and E. Fear, “Tissue sensing
adaptiveradarforbreastcancerdetection:comparisonofmea-
sured and simulated patient data,” in IEEE International Sym-
posium on Antennas and Propagation and CNC/USNC/URSI
Radio Science Meeting, Toronto, Canada, 2010.
[ 6 ]R .J .H a l t e r ,T .Z h o u ,P .M .M e a n e ye ta l . ,“ T h ec o r r e l a t i o n
of in vivo and ex vivo tissue dielectric properties to validate
electromagnetic breast imaging: initial clinical experience,”
PhysiologicalMeasurement,vol.30,no.6,pp.S121–S136,2009.
[7] D. Li, P. M. Meaney, T. Raynolds, S. A. Pendergrass, M. W.
Fanning, and K. D. Paulsen, “Parallel-detection microwave
spectroscopy system for breast imaging,” Review of Scientiﬁc
Instruments, vol. 75, no. 7, pp. 2305–2313, 2004.International Journal of Biomedical Imaging 11
[ 8 ]M .K l e m m ,J .A .L e e n d e r t z ,D .G i b b i n s ,I .J .C r a d d o c k ,A .
Preece, and R. Benjamin, “Microwave radar-based diﬀeren-
tial breast cancer imaging: imaging in homogeneous breast
phantoms and low contrast scenarios,” IEEE Transactions on
Antennas and Propagation, vol. 58, no. 7, Article ID 5452974,
pp. 2337–2344, 2010.
[ 9 ]D .G i b b i n s ,M .K l e m m ,I .J .C r a d d o c k ,J .A .L e e n d e r t z ,A .
Preece, and R. Benjamin, “A comparison of a wide-slot and
a stacked patch antenna for the purpose of breast cancer
detection,” IEEE Transactions on Antennas and Propagation,
vol. 58, no. 3, pp. 665–674, 2010.
[10] J. Bourqui, E. C. Fear, and M. Okoniewski, “Versatile
ultrawideband sensor for near-ﬁeld microwave imaging,” in
the 4th European Conference on Antennas and Propagation
(EuCAP’10), Barcelona, Spain, April 2010.
[11] J. Bourqui, M. Okoniewski, and E. C. Fear, “Balanced
antipodal vivaldi antenna with dielectric director for near-
ﬁeld microwave imaging,” IEEE Transactions on Antennas and
Propagation, vol. 58, no. 7, pp. 2318–2326, 2010.
[12] J. Hilland, “Simple sensor system for measuring the dielectric
properties of saline solutions,” Measurement Science and
Technology, vol. 8, no. 8, pp. 901–910, 1997.
[13] S. Gabriel, R. W. Lau, and C. Gabriel, “The dielectric
properties of biological tissues: III. Parametric models for the
dielectricspectrumoftissues,”PhysicsinMedicineandBiology,
vol. 41, no. 11, pp. 2271–2293, 1996.
[14] T. C. Williams, J. Bourqui, T. R. Cameron, M. Okoniewski,
and E. C. Fear, “Laser surface estimation for microwave
breast imaging systems,” IEEE Transactions on Biomedical
Engineering, vol. 58, no. 5, pp. 1193–1199, 2011.
[15] A.GefenandB.Dilmoney,“Mechanicsofthenormalwoman’s
breast,” Technology and Health Care, vol. 15, no. 4, pp. 259–
271, 2007.